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ABSTRACT 

t 

The various mechanisms responsible for energy 
losses during rolling of a wheel under elastic conditions 
are presented. A theoretical formulation based on the 
strain energy release is presented to determine the energy 
losses of a slow rolling wheel under elastic conditions 
and it predicts that the overall co-efficient of rolling 
resistance, jut, is proportional to the square root of a 
dimensionless number, called 'Chakra Number'., Q (Q = 
where N is the normal load per unit width of the wheel, 

R is the radius of the wheel and E is the equivalent 
Young's modulus of the materials of wheel and the flat 
surface. The co— efficient of rolling resistance, j u, 
comes out to be 15.48/ greater for plane stress over 
plane strain condition. 

To obtain the experimental data, a suitable 
experimental set-up is devised by rolling a wheel, made 
of plexi-glass or Teflon on a smooth flat strip - of 
plexi-glass. The rolling is carried out at speeds of 
0.06 - 0.15 m/sec, and an initial velocity is given, by 
a suitably designed ramp placed at one end of the rolling 
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strip. The retardation of the motion of the wheel is 
measured using photon-diode arrangements located at three 
stations. 

The experiments are conducted by varying the 
load per unit thickness (N), thus obtaining ju. between 
0.0014 and 0.0053. The experimental results of plexi- 
glass wheels are closer to plane stress predictions and 
results of Teflon wheels are in good agreement with the 
plane strain predictions. 



CHAP TER- I 


INTRODUCTION 


It is estimated that one- third of the world's 
total energy is lost in friction. In some applications, 
we want high friction. For instance, when we walk on road 
high friction prevents slipping.. In some applications, 
we want friction to be as small as possible such as in 
machine parts, for smooth operation and long life. The 
principle of rolling through circular objects, such as, 
wheels or logs have been used by man since prehistoric time 
As prehistoric times experience says, it is true even 
today, that rolling friction is much less than sliding 
friction. When one object roll's over another, the mole- 
cular bends are broken by a 'lifting motion' where as a 
sliding motion requires a 'shearing effect'. 

The study of energy losses in the rolling did. not 
begin until the late eighteenth century. The first sys- 
tematic study was undertaken by Coulomb [l] in 1785. By 
pulling wooden cylindrical wheels over flat wooden sur- 
faces, he found that the pulling force needed to over- 
come rolling resistance is directly proportional to the 
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normal load, and inversely proportional to the wheel radius. 
However, coulomb and his contemporaries did' not employ 
energy concepts in their analyses. In fact, wheels were 
assumed to be rigid by coulomb; rolling losses were due to 
vibrations generated in the bodies because of the irregu- 
larities on the rolling surface and also due to the defor- 
mation of the surface. Although coulomb remarked that the 
linear dependence of rolling friction is similar to that 
observed in ordinary sliding friction, he did not express 
any explicit view about the basic mechanism of the rolling 
friction. Nevertheless, coulomb established that the 

pulling force F to overcome the rolling resistance is 
eN 

egual to — , where N is the normal load on the wheel, R 
its radius and e is the proportionality constant or a para- 
meter which depends on the properties of materials used. 
Although, this formulation of coulomb has been quite popu- 
lar among the designers through ages, the relation is 
empirical as one has to evaluate the proportionality cons- 
tant ' e * through experiments. Other invest ig a tors [ 2 ] 
claim that the proportionality constant *e # is propor- 
tional to the square root of the wheel radius, and there- 

N 

fore, the pulling force F is proportional to — 

The next contribution in this direction was made 
almost a century afterwards, by Osborne Reynolds [ 3 ] in 
1876. His empirical observations agreed with those of 
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coulomb. In addition, he proposed an explicit theory of 
rolling friction attributing the rolling resistance to 
cause essentially the same as those responsible for 
ordinary sliding friction. It was to imply this connec- 
tion that he deliberately used the term' rolling-friction'' 
instead of 'rolling resistance'. Reynolds observed that 
when a metal cylinder rolls over a flat rubber surface, 
it moves forward, in each revolution, a distance less 
than the circumference of the cylinder. From his earlier 
work on the slip of the leather belts over cylindrical 
pulleys /Reynolds concluded that there was a similar kind 
of slipping between the roller and the rubber surface. 
Within the region of contact, different elements of the 
rubber surface are stretched, elastically, by different 
amounts; this differential elastic stretching leads to 
microslip within the contact region with corresponding 
dissipation of frictional energy. Reynolds also observed 
that the cylinder tended to oscillate whenever it was 
slightly disturbed from rest on the rubber surface and 
realized that this involved something more than inter- 
facial slip. He pointed out that " these oscillations 
could not have been caused by the mere resistance which 
the one surface offered to the sliding of the other over 
it, unless also this resistance threw the surfaces into 
constraint from which they were constantly •endeavouring 


to free themselves''. 
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Another contribution of considerable importance 
is that of Heathcote[4] in 1921, who pointed out that 
when the rolling element is a sphere, instead of a cylin- 
der, there is far more important source of interfacial 
slip than that proposed by Reynolds. When sphere rolls 
in a groove, different parts of the region of contact 
are at different distances from the axis of rotation of 
the sphere. Consequently, they measure out different 
distances for each revolution of the sphere, and this 
in turn produces differential slip between the ball and 
the ellipse of contact. This suggestion was supported 
by the damage produced in the groove after prolonged 
running, but no quantitative estimate was made of the 
magnitude of the rolling friction to be expected from 
this type of differential slip. 

Tomlinson [ 5 ] in 1929, described some very careful 
experiments on the rolling of metallic cylinders at rela- 
tively light leads, and came to the conclusion that the 
differential stretching described by Reynolds would be 
far too small to account for the rolling resistance* 
Further in his own experiments, he would have expected 
the Reynolds type of microslip to produce fretting corro- 
sion, but no such corrosion was observed. Tomlinson 
explained his observations in terms of molecular adhe- 
sion between the rolling surfaces arising from short 
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range interfacial forces. As the rolling elements roll 
apart, the surface atoms are pulled away from their equi- 
librium positions until the displacement exceeds a cer- 
tain distance, they then 'flick' back to their old equi- 
librium positions, and, in the process, energy equiva- 
lent to the rolling frictional loss is dissipated. In 
his experiments Tomlinson performed a metal ball to roll 
over another metal ball of the same material and of the 
same diameter, so that, the surface of contact must by 
symmetry, be plane consequently, no differential slip of 
Heathcote type can occur. Further, any lateral extension 
or compression of the surfaces at the interface will be 
identical for both spheres so that no slip of Reynolds 
type will occur. Inspite of taking care of these two 
effects ; he observed appreciable amount of rolling fric- 
tion. 

It is seen that the above three major contribu- 
tions to the mechanism of rolling friction ■ involve 
same type of interfacial friction or surface interaction* 
For this reason ,they all face a very serious difficulty 
that over a wide range of experimental conditions, lubri- 
cants have little effect on the magnitude of the rolling 
resistance* 

Later on in 1955., Tabor [6] conduqted an experi- 
ment in which a steel cylinder of 1/2 inch diameter was 
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supported on two small ball-races and rolled over a rec- 
tangular block of red bung rubber. Under heavy loads 
producing large deformations , it was found that in a single 
revolution of the cylinder the distance travelled forward 
was 10# less than the circumference of the cylinder# since 
the arc of contact was approximately 1 cm ) overall 

slip might be about 1 mm (= 10#). To see whether this 
was so# a small hole 1 mm in dia was drilled diametrically 
though the roller and its edges were painted with pa inter 7 s 
ink so that it could form an impression on the rubber. 

Under static loading a clear circular imprint was formed 
and during rolling an equally sharp imprint was formed 
without any trace of blurring or smearing of the outline. 
However/ the imprint was elliptical with the minor axis 
10# smaller than the majpr axis. From this he made two 
conclusions ; (i) the discrepancy between the circumfe- 
rence and the distance travelled does not correspond to 
the gross slip at the rolling interface. The rubber is 
stretched before it enters and after it leaves the region 
of contact and the cylinder merely measures out its peri- 
phery on rubber that is stretched by 10# , (ii) Reynolds 
suggested that the stretching of an element of the rubber 
at different points of contact region may be different 
so that there would be a second order slip between those 
points to accommodate the change in stretching. The 
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sharpness of the imprint shows that this slipping, if it 
does occur, is of negligible and quite insufficient to 
account for the observed rolling friction. Thus accord- 
ing to Tabor the resistance to rolling is not primarily 
the result of interfacial slip. Nor can it be due to 
interfacial adhesion, since the experiments show that 
when the surfaces are lubricated with glycerine, the 
rolling friction is not substantially changed. So accord- 
ing to him the only source of energy loss is elastic hys- 
teresis. 

However, utilization of the mechanism of energy 
dissipation to calculate the rolling losses has been 
carried out first time by Holt and Vb rmeley [ 7 ] in 1922 
earlier to Taber [e]. They developed an experimental 
method to evaluate rolling losses in automobile tyres. 

In this method, tyres were rolled on a drum revolving 
on a fixed axis. The power input to the tyre and the 
power output from the drdm were measured. The difference 
in the two values provided the losses in the tyre. 

Tabor [s] in 1955 and Drutctwski [b] in 1959 
analysed the losses of a ball rolling on a flat surface. 
They argued that due to cyclic loading and hysteresis 
effect, energy is continuously lost and hence a force 
is needed to keep the ball rolling. But in elastic 
materials, such as steel, hysteresis losses are negligible 
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especially when the load on a ball is small enough and 
the contact stresses are smaller than yield stresses. 

Rolling losses are "known to be appreciable even for low 
stresses and therefore a mechanism is needed to explain 
this behaviour. 

Greenwood, Minshall and Tabor [9] explained the 
rolling losses in terms of frictional torque acting on a 
rolling body. According to their model, the difference 
in pressure acting on the front half of the contact area 
from that on the rear half of a rolling wheel applies 
a torque on the body. The product of the torque and the 
angular velocity provides the energy loss. They claim 
that the analysis is based on energy principle, but it 
is actually based on force analysis to evaluate the fric- 
tional torque. As a matter of fact, due to approximately 
symmetric pressure distribution in the contact area, net 
torque on the freely moving wheel is small compared with 
the torque exerted by either half. 

Thus, there appears to be lack of clear under- 
standing concerning physical mechanisms responsible for 
energy losses during rolling, and, consequently missing 
is a plausible theoretical formulation determining roll- 
ing losses. Recently, Hasnain [lo] developed a model, 
using strain-energy release mechanism, in which , co- 
efficient of rolling resistance of a wheel is proportional 
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to a dimensionless group (N/ER), when it is rolled on a • 
flat surface. Where N is the load per unit thickness of 
wheel, E, equivalent Young's modulus and R, radius of the 
wheel. The present experimental investigation is for 
verifying this model. 

This study names the various mechanisms causing 
rolling losses and discusses briefly some of them in 
Chapter— II, while a theoretical development is presented 
in Chapter-Ill to determine the energy losses of a slow 
moving wheel over a flat surface under elastic conditions. 
Chapter- IV describes the experimental arrangement devised 
to verify the analytical results whereas, experimental 
results and discussions are presented in Chapter-V. 
Chapter-VI is devoted for the conclusions, scope and 
further study. 



CHAPTER- II 


MECHANISMS OF ENERGY LOSSES DURING ROLLING 


Following mechanisms are the primary mechanisms 
for the rolling losses in general; 

(i) Strain Energy Release: 

When a wheel rolls, material adjacent to the 
contact area is compressed producing stresses in the wheel 
and the surface on which the wheel is rolled. As rolling 
progresses the contact area shifts and energy stored in 
the material due to contact stresses is released through 
stress waves propagating in the wheel as well as in the 
surface. In the wheel the stress waves oropagate in all 
directions. When the stress waves reach free surfaces, 
energy propagates further through surface waves and ref- 
lected body waves into the wheel. Further, these stress 
waves interact with numerous imperfections such as point 
defects like impurity atoms, line defects such as disloca- 
tions etc. Consecruently ,by the time wheel makes a full' 
round and the same portion of the wheel is about to be 
compressed, major portion of the strain energy is converted 
into heat. Because of the compression between the wheel 
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and the flat surface energy is lost continuously and it 
has to be supplied by an external force to keep the wheel 
rolling at a constant velocity. 

(ii) Vibrations due to Roughness of Surfaces: 

Influence of surface roughness during rolling is 
analogous to a wheel rolling over a stone or a protrusion 
on a flat surface. When the wheel jumps over it, vibra- 
tions are produced. The energy in the form of vibrations 
is no longer useful to roll the wheel forward. Kinetic 
and strain energies of these vibrations are also eventually 
converted to heat energy through dissipation at imperfec- 
tions in the materials. The mechanism is not significant 
when the rolling surfaces are smooth. It becomes important 
only when the surfaces are uneven. 

(iil) Sliding of Contact Surfaces: 

In an ideal case of a rigid wheel rolling over a 
rigid flat surface contact occurs on a line. However, 
due to deformation of the rolling bodies, the contact 
occurs on a rectangular area. Theoretically the portion 
of the wheel in contact with the stationary flat surface 
should have zero velocity, but the moving wheel tends to 
make its rolling surface move at the contact area, ' This 
may cause sliding within the contact area and therefore, 
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energy loss occurs. Its effect may be significant if the 
length of the contact area is large In comparison to the 
radius of the wheel. 

(iv) Impact on Flat Surface: 

In an ideal case of a rigid wheel rolling over 
a rigid stationary flat surface the velocity at the con- 
tact point is essentially zero. But in deformable bodies, 
a segment of the rolling surface about to touch the sta- 
tionary flat surface has a non-zero velocity thus causing 
impact. These losses are more at higher velocities and 
loads. 

(v) If the load is high enough to cause yielding in both 
the materials, plastic flow takes place consequently 
causing a loss of energy. 

Thus, the major parameters responsible for roll- 
ing losses are: 

(a) Moduli! of the wheel and the flat surface 

(b) Surface roughness of wheel and the flat surface 

(c) Material properties of wheel and the flat surface such 
as yield stress, work hardening etc. 

(d) Pattern on the rolling surfaces such as, treads on 
pneumatic tyres 

(e) Velocity of the wheel 

(f) Width of the wheel 

(g ) Diameter of the wheel 

(h) Load on the wheel. 



CHAPTER— III 


THEORETICAL DEVELOPMENT 

This study [lOj deals only with the first mecha- 
nism of losses during rolling of a disc-shared wheel, where, 
the losses are due to release of strain energy as described 
in ChaDter-II. In order to minimize other losses, care 
has been taken. For example, to reduce impact losses, 
velocities of the wheel are kept small enough to cause 
'guasi-static' deformation and the loads applied on the 
wheel are low enough to ensure that the stresses developed 
be well below the elastic limit. To reduce the effect of 
surface roughness and irregularities, materials which have 
smooth rolling surface are considered. 

( A ) Analysis of Strain Energy Mechanism During Rolling: 

This analysis is based on two points : 

(a) considering the flat surface as the cylinder 
of infinite radius, we can calculate the 
stresses at the contact point between the 
wheel and the flat surface, 

(b) finding the stresses both at the contact 
point diametrically opposite point on the 
wheel, we can f indout the strain energy loss 


in the wheel. 
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Further, as flat surface is nothing tut a wheel of infinite 
radius, we can determine its strain energy losses by using 
the same formula. Then using the overall strain energy 
loss and employing elementary dynamics we can findout the 
co-efficient of rolling resistance u. 

As discussed by Hasnain [lo] , consider, a wheel 
of uniform width r Fig.l(a)], divided into a large number 
(2n) of identical sectors. The load per unit width (width, 
which is in contact with the flat surface) on the wheel 
is denoted by N and the force per unit width needed to 
keep the wheel rolling at constant velocity is denoted by 
F. The sector is stressed the most. When the sector 

5 1 moves to the position of , strain energy is released 
in the form of stress waves. At the same time, the sector 

5 2 , releases a part of its strain energy, as it moves to 
the position of sector S^. Therefore the total strain 
energy release Au , is given by 


AU = (u i - U 2 ) + (u 2 - U ) +....+( U n - U j) 


= (u l - u n+l > 

Where, u^ is the strain energy of sector . If At Is 
the time taken by sector to move to the position of S 2 
the power P , consumed by the wheel is 


P = 


u i - u , „ 

1 n-fl 
At 



1 



Hewing of • wheel on a flat 
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Since 


At = 6 s A/ , 


u - u 

p _ 1 n + 1 y 

ds 


( 1 ) 


Where V is the velocity of the centre of the wheel and ds 
is the length- od the arc on the sector of a rolling wheel 
as shown in Fig. 1(b). Strain energy u^ , for a sector is 
g iven by , 


u. = 


R 

/ 

o 


1 

7 


kl 


kl 


(1 


- £) 
R ; 


ds dZ 


Where ' °ki anf=1 e kl are stresses anc ^ strains at a 

point, and R is the radius of the wheel. If strain energy 

u, is expressed by the relation, u, = <zf. ds , where is ’ 

111 

defined by 




R 

S 

o 


1 

7 


'kl 


kl 


(1 - 


|) dZ 


then egn. (l) becomes 


p = - rf n+1 ) V 


( 2 ) 


(3) 


Since, this equation of power consumption is 
independent of the number of sectors, n can tend to infi- 
nity. Then and are expressed only in terms of 

stresses and strains on a plane passing through the centre 
of the contact area to the axis of the wheel. This helps 
in calculations, as it is no longer required to know the 
stress distribution within the whole of the body. 
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In the front half of the wheel, strain energy in 
a sector increases as it rotates towards the flat surface. 
The external force F works to increase strain energy of 
sectors in front half of the wheel while in the rear half 
of the wheel, strain energy is released in the form of 
heat. 

The co-efficient of rolling resistance, jj. , is 
commonly defined by 

F = pN ... ( 4 ) 

The product of ^orce F and wheel velocity V gives the power 
consumption, 

P = 4 N V ... (5) 

comparison of eguns. (3) and (5) results into the equation 

b - (6) 

Where, amounts for the energy loss in the body of the 
wheel. A similar energy loss occurs in the body of the 
flat surface, which can be denoted by u 2 . Therefore the 
overall co-efficient of rolling resistance is 

4 = p 1 + u 2 (7) 

For the evaluation of (z^ , stress distribution 

on the radial plane of sector is taken from the work 
of Smith and Liu [ll. ]. In a general case of a cylindrical 
wheel rolling over another cylindrical surface [Fig. 2 ], 
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the maximum pressure at the contact area is given by. 


Where, 


and 


P„ = 


2N 


( 9 ) 


a Q = (— = half the contact length 


A = 


1 /!_ , 1 N 

? r t r 2 


[id 

L T 


i-v: 


(9) 


Here, and are the Young's modulus, 

Poisson s ratio and radius of the wheel respectively. In 
the case of a wheel rolling over a flat surface, shear 
stresses are zero on the plane X == 0 due to symmetric 
loading and the two normal stress components in the wheel 
are 


xx 


a. 


[ 2Z — 


2 2 
a o + 22 

(7 7 z v /2 


] 


and 


P ^ 

o 


zz 


(a? + Z 2 ) 1/2 


( 10) 

( 11 ) 


Stresses in the wheel body by eqns. 10 and 11 are same for 
both cases of plane stress and plane strain. However, the 
third normal component cr will be zero for plane stress 
situation and for plane strain situation it is given by 


[ 11 ] 


yy 


= V , 


( O' 


XX 


a ) 

zz 
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( B ) Plane Stress Problerr : 

For a wheel of small width, the wheel deforms 
elastically in plane stress with the principal stress 
components cr xx and cr^ given by eqns. 10 and 11 being 
the only non— zero components and cr =0. Then, for 


xz 


sector , 


" 2 i ff kl £ kl (1 “ | } dz 


( 12 ) 


where. 


e vi = +cr £ 

*-1 XX XX zz zz 


= O' 


XX 


cr - \; . rf 
xx i zz 

E. 


a - V . rf 

, _ t zz 1 u xx , 

+ ff zz • ( eT * 


°XX °ZZ 
E 1 + E 1 


2 v. 


E^ ' °xx * °zz (13) 


By substituting eon. (13) in egn. (12), one obtains. 


v. 


1 1 '"1 
^1 = 2E^ * I 1 + 2E^ * I 2 “ E^ * I 3 


(14) 


where. 


h - ' °xx 2 (1 - l> « 


(15) 


and 


*2 * ' f (1 - f> dz 

o 


*3 = S °xx ^zz (1 - dZ 


R- 


(16) 

(17) 
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(C) Plane Strain Problem ; 

If width of the wheel is large/ the wheel deforms 
elastically in plane' strain and then for sector / 


<z> 




e 

kl 


(1 


-f> dZ 


where 


cr e 
kl kl 


-SS [ 

cr 

- V, ( 

cr + 

a 

E 1 

XX 

1 

yy 

zz 

fi 

-P [ 

cr 

- V, ( 

a + 

0 „ r 

E 

zz 

1 

XX 

YY 

' E 1 

• 

2 

J xx + 

^v 2 

( — g“) 
E 2 

2 

^ zz 


2 v 


- (l+v ) p. 


xx 0 ie 


( 18 ) 


' Therefore becomes. 


1-v! 


- <ir) • > V <i- b> dz 


xx 


1-Vl R 9 

+ huT 1 ' d zz az 

1 o 


R 


(1 - £) dZ 
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(19) 


In order to solve for the values of ^ for both the 

cases of plane stress and plane strain, the integrals I^ • 

I and I are evaluated in the next section. 

2 3 
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( D) Evaluation of Integrals : 


Substitution of cr and cr from the eqns. 

XX zz 

10 and 11 in the formulae for 1 ^ , and and carrying 

out the integration one can obtain 


I, = Pi a [T.an~ X (■—- ) - |] + pj R [ ( l4 4 


2 

o o 


o 

4 


3- ' o 

6 


1 12 . + 1 _ _ ) 

8 * R 4 16 R 6 


1 a o 


1 a o 


+ 4 r 2 2 4 r 4 + 64 R 6 “ * * * ) ^ 


2 2 
P o a o 


+ -• 


R 


In [l 


1 


(1 + V /2 


R 


noting that for small values of (a /R) / Tan X (R/a o )=( , 2 -~) 


and higher powers of a Q /R can be neglected , 


2 2 

_ 2 r a o 4,1 a o -| P o "o ln 2 

1 1 — Pq a Q L 2 ~ 3 + 4 r J + " 


R 


CL 

I. = p 2 a [0.2375 - 0.05635 (~) ] 


o o 




X 2 = P o a o LV 2 “ R~' r R .'*** V R 


( 20 ) 

( 21 ) 


b - < c- a = 


Tan~^( — ) 

a o 


- a Q (on 


— 1 fo . _ 2)1 

2 R " S’ r 3 + 16 r 5 J 




R +J 7 + R 


)] 



3 


as a 


< < R , Tan 


_1 (R/a ) = (V2 - a 0 /R) 


'O " 


anc, in ( /T+ R * / * ln C2R/a °’ 

a Q 

= m 2 - m (a Q /R) 

the higher powers of (a Q /R) - have 

2 r ’ T ^0_l° ln 2 + .ln(^-)] 

= p a I - o + 2 + 2R R R 


By neglecting 


^ = P, 


o o 


= p 2 a [ 0.4292 - 0.1931 (^0 + ^ * ln( R°^ 
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o o 


(E) Analytical Resu lt* and Discussions:. 

„ c . substituting the values of 

(a) Plane stress Cc.se . 

it I and I, in the expression for j* a 

integrals I 1 / x 2 ana 3 


of egn . 14 yields 

_ ^o_^o[ 0 .2 375 - 0,05695 (a /R)l 
" 2E. l 


t + (r->- ln ( r ,] 

2E 1 

.!l 2 [0.4292 - 0.19 3lC^)+C^)- ln( R 


E 1 P o ”o 



0.9041 - 0.4292 ^ x 

|o.l93l v 1 - 0.5285 + (0.5 



( 23 ) 
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As (a /R) is "usually very small (of the order of 0.025), 
neglecting the terms containing (a Q /R) in the above eqn., 
we have 

2 

P a 

(rf 1 = — — [o .9041 - 0.4292 (24) 

Since the load N acts at the centre of the wheel, 
portion of the wheel-half diametrically opposite to the 
contact point is very lightly leaded. Therefore, 
in sector S n+ ^ is negligible in comparison to 

Thus from eqn. 6, the co-efficient of rolling 
resistance for the wheel is 



The energy loss in the flat surface is determined 
by treating it as a wheel of infinite radius, and its con- 
tribution is given by, 

pa a 0 

fS = ° - [ 0.9041 - 0.4292 v 2 + (-p) x 

2 E 2 

a j 

Jo. 1931 v 2 - 0.5235 + (0.5 - v 2 )ln(~j] 

^ (26) 

and neglecting (a /R) terms, it becomes 
2 

qt, = P ° - a ~ [0.9041 - 0.4292 v 2 ] (27) 

2 E 2 

For energy losses in the flat surface, the co— efficient of 
rolling resistance is given by 
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So, the overall co-efficient of resistance U , on substi- 
tuting eqns. 25 and 23 in egn. 7 is 

U = fT ^1 + ^2 ^ * * * (29.) 

Finally substituting for jzf- and / 2 from eqns. 2 4 and 27 
respectively in eon. 29 and substituting for p Q and A from 
eqns. 3 and 9 respectively, yields 


it = 


0 . 32 47 ( 1/E 1 +1/E 2 ) -0 . 15 42 ( v /E ± +V 2 /E 2 ) 


r X ~ V 1 


i-v; 


1 1/2 


E 1 

Now defining i ^ (|j- + g-) 

1 2 


Q = N/ER 


and assuming = v 2 = v 

one gets. 


U 


0.4592 

(1-v 


- 0.2 IS 
2 } l/2 


V 


CQ ) 1/2 


( 30 ) 

( 31) 

(32) 
( 33) 

(34) 


where E = equivalent Young's modulus and 

Q = N/ER = non-dimensional number named Chakra number. 


As the Poisson's ratio of commonly used materials 
do not vary much, we can assume that the value of Poisson's 
ratio for the two dissimilar materials is same and is equal 


to 0.3 
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So ,by substituting = v 2 = v = °*3 in eqn. 34, 
we have for the plane stress case, co-efficient of polling 
resistance 

U = 0.4129145 (Q) 1/2 (35) 

If (a Q /R) terms in the expressions for and jzfg 
are not neglected, and substituting the values of p Q and a 
from eqns.'B and 9 in eqns. 23and26 we have the values 
for and ^ given by 

~ — [o . 3142 334 + (5*) .p| ln(^.)-0. 1907148^] 
and • • * ^ 36 

= [0.3142334 + (5 2 -)‘| 2 4 l n (~)-0.1907148j] 

** ... (37) 

For every load by calculating the'half-contact-length ' J a Q , 
one can findout <i ^ and and then substituting these 
values of and in the eqn. 29, one can determine the 
co _ e ffi c ient of rolling resistance U if the radius of the 
wheel R and eouivalent Young's modulus E are "known. 

(b) Plane strain case: Substituting the values of 
integrals ^ , Ig and I 3 in the expression for 

of eqn. 19 yields, 

2 

, - P ° . ^ — [ (0.9041-0 .4292 v -1.3333V 2 ) 

^ 1 1 

+ <~)-| (0.1931 v 1 - 0 . 5295+0. 7216 v 2 ) 

+ (0.5-v 1 - ’1-5 v 2 ). In (~-)j- ] 


(38) 
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As in the case of plane stress, eqn. 33 is further simplified 

by neglecting the terms containing (a /R) to 

o 

2 

P a 

~ C 0.9041 - 0.4292 v x - 1.3333v 2 ](39) 


Similarly, for energy losses in the flat surface, treating 
it as a wheel of infinite radius, the contribution is given 


“2 ■ 


P a 

° - [(0.9041 - 0.4292 v 0 

E 2 2 


- 1 . 333?\>2 ) 


(0.1931 v 2 -0.528540. 7216 v 2 ) 
a 

+ (0.5-v 2 -1.5 v 2 ). In (^)j. ] (40) 

which can be further simplified to 
2 

pa 0 

= — ■ g — [o .9041 - 0.4292 v 2 - 1.3333 V 2 ] (41) 

by neglecting ( a Q / R ) terms. 

Fiftally, substituting for ( 6 ^ and j^ 2 from egns. 39 and 41 
respectively in eqn. 29 and substituting for p Q and a from 
egns. 8 and 9 resoectively, yields the co-efficient of 




By using eqns. 31/ 32 and 33/ ecm. 42 can be rewritten as 
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_ r 0 » 4592 - 0.218 v - 0.6772 v‘ 

(jlv 2 ) 1 / 2 


■] ( 0 ) 


(43) 


where. 


gg = Chakra number. 


By taking the numerical value of Poisson's ratio v = 0.3, 


we have 


4 = 0.3439236 (0) 


( 44 ) 


If the terms containing (a /R) are not neglected 
in the expression for 6 . and ^ > and substituting the 
values of p Q and A from egns. 8 and 9 in eqns. 38 and 40, 
we have the values of and respectively 


Jt _ ^ 

E 1 a Q 


a a ~ 

•[0.2656O05-(g2.)*j 0.164394-0.026 ln(~)J- ] 


(45) 


N a r a n 1 i 

$2 = e — ~ [o.2656005-(^)* 0.164394-0.026 ln(~)J- J 

(46) 

Substituting the values of and in eqn. 29 
one can obtain the value of co-efficient of rolling 
resistance , pl . 

Thus, we have, analytically, four different expre- 
ssions for 4 , one accurate and one simplified expression 
in each of the plane stress and plane strain cases. Equa- 
tions 35 and 44 gives simplified expressions for 4 in 
plane stress and plane strain cases respectively, where as, 
resulting expressions obtained by substituting egns. 36 
and 37 and egns. 45 and 46 in eqn. 29 gives accurate 
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expressions for p in plane stress and plane strain cases 
respectively. 

Theoretical curves are plotted in Fig. 3 on ordi- 
nary graph and Fig. 4 on semi-log graph showing p vs Q , in 
plane stress and plane strain conditions. Fig. 3 shows 
a parabola/ indicating the square— root dependence of p on 
Q. On calculations/ one can find the difference between 
the simplified and accurate expression is within 4 ? for a 
Q value as high as 250 which corresponds to p . =0.0065 

S'C.JT'GSS 

and h plane strain^* 0055 * For lower values of Q , this 
difference is within 1 % and hence we can use only simplified 
expressions in both cases of plane stress and plane strain. 

In plotting the Figs. 3 and 4 only these simplified expre- 
ssion are used. The theoretical curves show that the values 
of p in plane stress condition are 15.48,? higher than- that 
of plane strain condition. In actual situation, as we donot 
know whether it is plane stress or plane strain, it is expected 
that the experimental values may lie between these values. 

Eqns. 35 and 44 clearly establish that the co- 
efficient of rolling resistance is directly proportional 

N 

to the square-root of the dimensionless group Q = . The 

relation between p , and equivalent Young's modulus (E), 
is of inverse square-root and therefore, a body with a 
lower equivalent Young's modulus causes more energy losses. 



Plane stress 



Fig. 3 Theoretical curves for /i vs SL under plane stress and plane strain 
conditions. 
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Whether a hard wheel of steel rolls on a relatively soft 
plastic surface, or a plastic wheel rolls on a hard steel 
surface - doesnot make much of a difference as far as 
energy losses are concerned. In case of a hard wheel 
rolling on a soft surface, the latter stores more strain 
energy. Similarly for a soft wheel rolling on a hard 
surface, the major effect of energy losses is due to 
larger deformation of wheel. 

The co-efficient of rolling resistance is directly 

proportional to the square root of the applied load per 

unit width of the wheel. The result is valid for all 

ranges of load as long as they donot cause yielding in the 

materials. Experimental results are not available for the 

rolling of an elastic wheel of uniform width on an elastic 

surface. However Drutowski [8] conducted experiments by 

rolling 12.7 mm diameter steel balls on steel plate. The 

co-efficient of rolling resistance, even ' in the elastic 

range was observed to be dependent on N. It was found to 

0 2 

be proportional to N . This result of spherical balls 
can not be compared quantitatively with the analytical 
results of 4 a , of wheels, because of the difference 

in the shapes of the rolling bodies. Nevertheless one 
concludes that co-efficient of rolling resistance increases 
with increasing load. 
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Furthermore/ the co-efficient of rolling resistance 
is inversely proportional to the square— root of the radius 
of the wheel. In case of a small wheel# contact stresses 
for a given load are high as the contact area is small. 

The high stresses develope large strain energy in the roll- 
ing bodies which in turn causes high energy losses. In the 
case of a spherical ball rolling elastically on a flat 
surface/ n has been experimentally measured by Bowden and 
Tabor [ 2 ]. It was found to be proportional to 1/R m , where 
the exponent m lies between 1.5 and 1.6. The large values 
of the exponent m is because of much smaller area of con- 
tact of rolling balls in comparison to that of wheels. 

Hence the losses due to increase in strain energy density 
become higher. Even in the case of pneumatic tyres roll- 
ing on concrete surface. U is observed [ 12 ] to be propor- 
tional to 1/R m , where m is close to unity. Thus, the 
co-efficient of rolling resistance is proportional to 
1/R m where m depends on the shapes of the rolling 


surfaces . 



CHAP TER- IV 


EXPERIMENTAL ARRANGEMENT 

Scientifically reported results of energy losses 
of a wheel rolling over a flat surface are not available 
in literature, and therefore, an experimental set-up is 
devised to determine the co-efficient of rolling resis- 
tance under controlled conditions. The rolling surfaces 
are chosen to be smooth to minimize undesirable jumping 
of the wheel, and from this consideration, a disc shaped 
wheels of olexi-glass and teflon are selected to roll over 
a flat and horizontally are levelled surface of plexi-glass. 
The effect is further' reduced by rolling the wheel at a 
very low speed within the range of 0.06 to 0.15 m/s ec at 
which losses due to impact mechanism of wheel on the flat 
surface are negligible. 

The wheel is given an initial velocity through 
a guide ramp located on one side of the flat surface as 
shown in Fig. 5, the schematic diagram of the experimental 
arrangement. Instead of using two separate strips of 
plexi-glass for flat surface and ramp, one single long 
strip has been used so that the vibrations that develope 





TO COUNTER 



Fig. 5 Schematic diagram of the e*p«ri mental arrangement. 
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due to the joint between the ramp and flat surface have 
been minimized. Fig. 6 shows the overall view of the 
arrangement and Fig. 7 shows a close view of the plexi- 
glass wheel/ attached with aluminium disc weights. 

In the experiment, the wheel is mounted centrally 
over a 135 mm long externally threaded mild steel tube/ 
fastened on two ends by circular brass nuts. The surfaces 
of the wheels are prepared smooth with fine sand papers 
and buffing. Load on the wheel is varied by changing the 
attached disc weights. There are as many as seven wheels 
on which experiments are conducted/ of which two are made 
of Teflon and five are made of plexi-glass. The materials 
are chosen to have a large difference in their Young's 
modulii. Young's modulus for Teflon is 300 MPa and that 
of plexi-glass is 2307.7 MPa. These values are obtained 
by conducting compression tests on two specimens of plexi- 
glass and seven specimens of Teflon on an Universal Test- 
ing Machine, INSTRON 10. Typical compression curves are 
shown in Figs. 8 and 9 respectively for plexi-glass and 
Teflon. 

Some of the wheels were square-grooved in the 
centre of the rolling surface as in Fig. 10 so that the 
value of N (load per unit thickness) is varied for the 
same weight attached. Further/ wheels of different 
diameters have been used. Table No. 1 gives the 




PIG. 6 : OVERALL VIEW OP WHEEL ROLLING EXPERIMENTAL 
SET-UP . 


* 



PIG. 7 s CLOSE-VIEW OP THE PLEXI-GLASS WHEEL 
ATTACHED WITH DISK SHAPED ALUMINIUM 
WEIGHTS. 




pig.8 StrcM'Stnln «ufv* to 
und*r eotTKWWlpn. 
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PIG. 10 i CLOSE VIEW OF THE ROLLING SURFACE 
OF GROOVED TEFLON WHEEL. 
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(i) widths of contact surfaces, (ii) radii, (iii) Young's 
Modulii , ( iv ) loads and (v ) materials — of the different 
wheels. Thus by using this set-up one can verify the rela- 
tion between the co-efficient of rolling resistance U and 

all the above parameters N, E and R or the 'Chakra No.' 

„ N 
2 “ ER * 

The flat surface is a 10 mm thick, 750 mm long 
strip, with the breadth ecrual to 90 mm. One end of the 
strip is reduced to fit into the guide ramp. The strip 
is chosen from commercially available plexi-glass sheets 
and is placed on the top of a rigid 25 mm thick, 630 mm 
square aluminium surface plate, and bolted at the two 
ends. Aluminium surface plate, supported over three spe- 
cially designed levelling screws, is placed over a sui- 
table masonary foundation. The guide ramp is also mounted 
on three levelling screws so that one can change the slope 
of the ramp there by change the velocity of the wheel. 

The wheel is given an initial velocity through 
the guide ramp located on one end of the flat surface 
as in Fig. 6. Due to energy loss in the rolling process, 
the velocity of the wheel gradually reduces. During its 
rolling over the flat surface, the wheel passes through 
three stations F^ , , and F ^ • Each of the three sta- 

tions consists of a 145 mm high vertical stand with a 
tripodal base screwed over a base strip. Each stand is 
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'F' shaped with top cantilever is fitted with a 23 V bulb 
and lower cantilever is fitted with a photo— diode, almost 
fully covered except a small hole of 3 mm diameter. So, 
if the bulb emitts light, it will have to pass through the 
small, 3 mm dia. aperture to reach the photo-diode. Then 
photo-diode will send the signal to the counter, which 
counts the time. The digital time interval counter used 
is custom made, 4 channel timer, with the accuracy of 
1 4 seC by Networks Co., KANPUR. Close view of 

photo-diode arrangement is shown in Fig. 11. Photodiode 
circuit diagrams and components used in it are shown in 
Fig. 12. During rolling, a 15 mm long brass pin of 2 mm. 
diameter fixed at the axis of the wheel, passes between the 
two cantilevers of each of the stations F^ , and F^ , so 
that it can obstruct the path of light at each station. As 
it obstructs the path of light of F^ from the bulb to the 
photo-diode, momentarily, voltage signal from the photo- 
diode to the coion ter will be stopped. The circuit was 
designed to start counting the time in micro— seconds from 
that moment onwards in the first channel of the timer counter. 
As soon as the wheel reaches station F 2 , again the pin 
obs tracts the path of light from second bulb to second 
photo-diode, hence voltage signal from the second photo- 
diode to the counter stops momentarily. The circuit is 
designed to stop counting the time in the first channel of 
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PIG. 11 s CLOSE VIEW OF THE PHOTO-DIODE 
ARRANGEMENT . 
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the timer counter and to start counting the time in the 
second channel of the timer counter from this moment onwards. 
As the wheel reaches , again the brass pin obstructs 
the path of light and counting of time in the second channel 
of the timer counter stops immediately* Thus from the timer 
counter we can read the exact value of time taken by the 
wheel to reach F 2 from F^ and F^ from F 2 with the accuracy 
of 1 l~L sec. These time intervals can be named t^ and t 2 
respectively. The distances between the stations are named 
as 1^ and respectively from F^ to F 2 and from F 2 to 
The distances 1^ and 1 2 are measured accurately within 
0.5 mm . 

Since the tests were conducted on wheels of diffe- 
rent diameters* arrangement is made for fixing the two 
cantilevers, to the stand', at any required height. That is, 
one can keep the photo-diode and bulb arrangement at the 
required height depending on the height of the wheel so that 
the brass pin at the axis of the wheel comes in between the 
bulb and the photo-diode to obstruct the path of light. 

The acceleration of the wheel is expressed in 
terms of an ecmivalent pulling force F. Since the pulling 
required to overcome the rolling resistance (F = UN) is 
constant for a given load, acceleration is assumed to be 


constant and easily expressed in terms of experimentally 
measured quantities by the equation 


9 
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a = 


2 ^2 t l ~ ^2^ 

^1 "^2 ^ "*"1 ^2 ^ 


(47) 


The change in the kinetic energy A K of a freely 
rolling wheel is equal to the equivalent work done/ and 
therefore/ 

A K = F . dS (43) 


Also / aK for a rolling wheel can be expressed in terms 
of linear acceleration, a, and the angular acceleration a, 
by the equation, 

r\ 

ak = m a dS + m k a d© (49) 


where, m is the mass, k is the radius of gyration of the 
wheel and © is the angular rotation. Substituting eqn. 48 
in eqn. 49 for aK and using the relations h = a/R and 

J Q 

d9 = — , one gets 


F = m a ( 1 + — •k ) ( 5Q ) 

And, by substituting the value of F from eqn. 4 and noting 


that N = m g , one can obtain the co-efficient of rolling 
resistance 

m _ S. ( . kl) (51) 

4 - g a + r2 ' 

where, g.is the acceleration due to gravity. However, 
the slope of the flat surface, if any, will cause a com- 
ponent of the acceleration due to gravity to act along 
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the plane of the flat suirface in addition to the acceleira** 
tion, a. If 3 is the slope of the flat surface with res- 
pect to the horizontal plane/ net acceleration comes to 

a = [ — it + sin 3 ] * g 

(i + V 

R 

In order to minimize the effect of gravitation, 
the flat rolling surface as mentioned earlier, is mounted 
on three levelling screws and a spirit-level with a least 
count of 0.1 m. rad is used. Furthermore, a relatively 
soft plexi-glass (polymethyl methacrylate) and Teflon are 
chosen as materials for wheel and plexi-glass is chosen as 

material for flat surface so that the term — in eqn. 

<i + 4> 

R 

52 dominates. For an expected value of JJ. = 0.002, the 
maximum permissible slope of the flat surface is 0.13 m. rad 
if the contribution of gravitational forces is limited to 
lO# of rolling acceleration. 




CHAPTER-V 


RESULTS AND DISCUSSIONS 

Experiments are conducted for twenty eight values 
of load per unit width, N, using five plexi-glass wheels 
and two Teflon wheels of different diameters and thick- 
nesses as given in Table No. 1. The wheels are rolled on 
a 90 mm wide and 10 mm thick plate of plexi-glass. On each 
wheel, two to five values of N are obtained by varying the 
disc shaped weights made of aluminium and cast iron attached 
to the wheel. The weights are used in pairs on either side 
of the wheel so that mechanical imbalance is minimum during 
rolling. Also rolling speeds are kept within a low range 
of 0.06 to 0.15 m/sec and in each case the wheel is rolled 

about 40 times. 

(A) Plexi-glass Wheels Ro lling on a Plexi-glass 
Flat Surface ; 

The experimental values of co-efficient of rolling 
resistance . n , together with theoretical values for . 
plane stress and plane strain and Chakra Number 0 »/»> 

are tabulated in Table No. 2. Taking these values, 

. , -i j ^ t? in - q 13 and 14 for ordinary 
H vs Q curves are plotted in Figs. 

and semi-log scales respectively. 
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From these graph s, we observe that the average 
values of ju increases with Chakra No. Q. Also in 11 sets 
out of 20 sets of readings, the average value of ju. lies 
in between the two theoretical curves of plane stress and 
plane strain. At low loads, experimental parameters are 
difficult to control as vibrations and other effects such 
as local imperfections in flatness come into picture. 

Hence, the average values of fS are rather scattered at 
low Q. 

The values of U- are more close to plane stress , 
specially for high values of S , where the webs of the wheel 
are thin because a groove on the rolling surface was machined 
out centrally to increase load per unit thickness (N) . These 
webs are about 2.25 rren thick as against 19 mm thick wheel 
of lower C values. Consequently the webs are loaded mainly 
in plane stress. 

Hasnain [lo] conducted the experiment only for 
three values of Q using a 19 mm thick plexi-glass wheel on 
a plexi-glass flat surface. His results along with the 
results of present study are shown in Fig. 15. VJhile Hasnain 
conducted his experiments by varying Q between 6 and 26.5, 
the range of Q in the present study has been increased 
to Q = 142. Results for all the three points of Hasnain' s 
work lie very close to theoretical prediction for rolling 

CENTRAL LIBRARY 

1 Kin pit r . 

>c. No. 
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in plane strain mode. This is understandable# as the 
wheel was thick and the loading was closer to plane strain. 
In the present study, most of the experiments conducted 
with thin webbed wheels and the results lie between plane 
stress and plane strain curves. However, the scatter at 
low Chakra Number 0 (up to 57) was large and the reasons are 
not understood well. 

The Chakra Number was further extended to 263 by 
employing a low modulus wheel of Teflon as described in 
the next section. 

(B) Teflon Wheels on Plexi-glass Flat Surface : 

Teflon is chosen to increase Q = |— ■. Hasnain 
could not vary the Q by large amounts and in his experiment 
maximum value of Q is 26.5. Chakra No. Q can be increased 
either by increasing N or by reducing E or R or both. In- 
creasing the N (load per unit thickness of wheel) can be 
achieved either by increasing the loads on the sides of the 
wheel or by decreasing the thickness of webs on each side 
of the groove. The diameter of the side weight is limited 
by the diameter of the wheel and too thick side weights 
cause vibrations during rolling. The webs can not be made 
very thin, as the load may reach a point where the state of 
stress induced in the wheel is such that, stress— strain 
relations may not be linear are no longer linear. Another 
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alternative might be to decrease the radius of a wheel R. 

But due to experimental limitations# R could not be decreased 

much. If R is reduced, thickness of the side weights 

increases substantially to maintain the same load per unit 

thickness N of a wheel and then side weights with large 

thicknesses cause vibrations. Also diameter of the side 

weight is limited by the diameter of the wheel. Hence reduc- 

N 

tion in R is not helpful in increasing Q = — . 

JSR 

As in the case of plexi-glass wheels, grooves are 
provided in the wheel so that effective thickness decreases 
and load per unit thickness, N, increases. To reduce E, a 
low modulus material. Teflon is chosen as a wheel material 
whose Young's modulus is 8 times less than that of plexi- 
glass. 

The experimental values of 4 together with theore- 
tical values and Chakra No. Q are tabulated in Table No. 2. 
For these values, 4 vs Q curves are plotted in Figs. 16 and 
17 on ordinary and semi-log scale respectively. 

From these graphs, we can conclude that the average 
value of 4 increases with Chakra No. Q, as in the case of 
plexi-glass wheel rolling on a plexi-glass surface. How- 
ever, all the values obtained experimentally are less 
than theoretically predicted plane strain values. Hence, 

4 for this case is slightly different from the plexi-glass 



Coefficient G 


O-fWH 


0*002b 


0001 



■€ h 


Mean experimental value with 
standard deviation for a parti* 
cular A 

— Tbeor’tii r :l 

150 250 


Chakra No n * 5L ) 

PR 


Fig. 16 fjL vs A for feftnn whw ■* r Hexi-glass f tot surlrn* 


81 - 




flic lent Of Rolling 


0007- 

o-ooe- 

0-005 

t 0 004 


0-002 


0-001 


0-0005 1 


Exptrl^* 0 ^* Teflon 
— Theoretical 


Chakra No. 


Fio.,7 u vs A for Teflon wheels on Plexl-glass flat surface 


57 


wheel rolling on plexi-glass surface. Hence Teflon wheels 

are loaded more in plane strain than in plane stress * 

* 

However the fact that jl lies outside the zone between plane 
stress and plane-strain/ but very close to plane strain 
curve can be due to other factors such as sliding or other 
experimental limitations, or due to not using the correct 
value of Poisson's ratio. It may also be due to the fact 
that the entire strain energy which is in the sector at 
the bottom of the wheel is not released but a part of it 
is utilized in rolling the -wheel further. This need to 
be probed further. 

Typical data for two sets of observations together 
with calculations are tabulated in Table No. 4(a) and (b). 
This table lists the average value of jll with standard 
deviation. 

The overall graphs, for all the twenty eight 
values of N and experimentally obtained values of il together 
with theoretical curves are shown in Pigs. 19 and 19 respec- 
tively on ordinary and semi-log scales. 

From these Figs, one can conclude that for large 
values of Q , ju. is close to predicted value. Also corres- 
ponding to a value of Q = 250, u = 0.6£ which is, on the 
high-side of the most of the devices used under rolling 
friction such as in rail-roads, rolling bearings etc. In 
fact, it hardly goes beyond 0.3^. So experiments upto a 
value of Q = 250 are sufficient to test the practical 
validity of the theoretical formulation.- 
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Table 3 : Co-efficient of Rolling Resistance 'n' for Teflon wheels Rolling 
on a Plexi-glass Flat Surface 
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Table 4 : (a) Sample Calculations fmr Wheel No. 5, 

k = 42 . 72 mm 


1 ^ = 151.20 mm 


l£ = 146.20-.mm 


Set No. 16 
R = 34.oo mm 


Time t. 
u sec.' 

Time 

.u sec. 

Acceleration , 

a, m/sec^ ... 

Co . ef . , of 
rolling 
resistance 'a 7 

100 3559 

11191.12 

0.013867263 

0.002420665 

1053983 

1270021 

0.023754603 

0 .0030477 1 1 

925676 

10 30114 

0.021393107 

0.002309522 

365469 

950576 

0.02 30 13 631 

0.002953291 

345939 

932157 

0.024615749 

0.003153195 

1 155323 

1427593 

0.021990539 

0.002821387 

1163526 

1446273 

0.022113492 

0.002 3 377 97 

1177498 

1460343 

0.021474601 

0.002755136 

1200515 

1533249 

0.022566931 

0.002395333 

12Q0612 

15 37 452 

0.022529330 

0.002390503 


15362 15 

0.022454204 

0.002880369 

, m§ij$ 

1539122 

0.022211150 

0.002849685 

. ’ffD‘7225 

1549512 

0.022413136 

0.002875606 

:1§§M*41 

139 3614 

0.021901302 

0.002309932 

Xl4§2 16 

1400617 

0.021421547 

0.002743 379 

1142415 

'13932 17 

0.021376026 

0.002806639 

1173615 

* : 145 $6 16 

0.021053926 

0.002701214 

1116211 

1316313 

0.021245957 

0.002725851 

1113217 

1341211 

0.021313324 

0.002734494 

1143 317 

1399937 

0.0213300 33 

0.007743054 

1149 350 

1400717 

0.021315127 

0. ©02734726 

1251326 

1650123 

0.022181116 

0.002850579 

1261117 

1634321 

0.022040403 

0 .002327773 

1216321 

1590111 

0.02 306560 3 

0.002959311 

1173314 

150531 1 

0 Jo2 32 49262 

0.002982375 

1116713 

1370 1 31 

0.02 3077 353 

0.002960820 

1138217 

1390171 

6. 021 37 1164 

0.002741915 

1241327 

1649513 

0.022950508 

0.002944545 

12 44353 

1647523 

0.022663013 

0.002907660 

12 47 316 

1650111 

0.022516656 

0.002338332 

1053347 

12762 37 

0.024138639 

0.003103403 

1031437 

1321617 

0.024295673 

0.003117129 

1062114 

123 3217 

0.0242 39315 

0.003109963 

1073649 

1316612 

0.024325337 

0.00 3120935 

1094321 

1345123 

0.024163553 

0.003100820 

1010121 

11302 1 4 

0.013996097 

0.002437195 

904067 

1005778 

0.022917132 

0.002940269 

951011 

1076243 

0.022334603 

0. 002929674 

932 454 

1110413 

0.021250359 

0.0027.26480 

1143116 

1415217 

0.022149520 

0.002341778 

1147471 

1414161 

0.022161795 

0.002343353 

1143333 

1415168 

0.022520079 

0.002389321 

1241329 

1621621 

0.022103829' 

0.0028 36553 

Mean value of 

jjl = 0.002366543 , Std. Deviation = 0.000154989 

Co-eff icient 

of Variation 

= 0.054068 374 
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Table 4 : (b) Sample Calculations for Wheel No. 6, Set No. 24 
1 1 = 151.20 mm 1 0 = 146.20 mm b = 43.11 mm R = 9 4.00 mm 


Time t 1 ■ 

U sec. 

Time t 2 

4 sec. 

Acceleration, 

a, m/sec 

Co . ef . , of 
rolling 
resista nee, 

1 2 679 99 

1997099 

0.029066259 

0.003799620 

1052177 

1315266 

0.027494504 

0.00 3722215 

1050266 

1305459 

0.027144313 

0.003674806 

1090506 

1395209 

0.027995143 

0.00 3776454 

1129472 

1501546 

0.027947850 

0.003770051 

1138989 

15212 32 

0.027548834 

0.00 3729571 

1129568 

1.520209 

0.028444278 

0,003350796 

1226959 

1799320 

0.0277530 38 

0.003757216 

1060762 

1340526 

0.027982849 

0.003774790 

970841 

1152568 

0.027214905 

0.003684350 

999911 

1210562 

0.027559358 

0.00 37 30995 

996316 

1200106 

0.027259941 

0.00 3690325 

1139918 . 

1670177 

0.027736695 

0.00 3755002 

1146291 

1560209 

0.028227071 

0.00 3821391 

1133916 

1513132 

0.027745947 

0.00 3756256 

1120203 

1500163 

0.029637001 

0.003976897 

1111239 

1456209 

0.027773437 

0.003760654 

1200561 

1697771 

0.02743 3541 

0.00 3720731 

1 374552 

2694752 

0.0 2 7 39 3 2 36 

0.00 370919 3 

1144667 

1550502 

0.023049291 

0.00 3797 321 

1146475 

15432 31 

0.027621016 

0.0037 39 343 

1190192 

1661203 

0.02 7 37609 3 

0.00 370618 3 

1255866 

1970267 

0.023636060 

O.OO3876760 

379547 

1005767 

0.02 8 33 2 370 

0.00 38 42 415 

354203 

960001 

0.027245550 

0.003638512 

99 32 31 

1020202 

0.027143014 

0.00 36746 30 

1233393 

2020122 

0.027472535 

0.00 37 192 41 

1236436 

2024562 

0.027372797 

0.00 37057 37 

1227999 

1901255 

0.027711713 

0.00 3751622 

1229909 

1910111 

0.027749015 

0.00 3756671 

1228299 

1810152 

0.02796 39 49 

0.00 37722 31 

12 34566 

1351526 

0.023197665 

0.003817410 

1220501 

1940529 

0.029042407 

0.00 39 31771 

1139 8 9 9 

1531562 

0.027938872 

0.0037698 36 

1133262 

1525209 

0.029260139 

0.003825374 

12 34568 

1852609 

0.029217531 

0.003320099 

1294999 

2064906 

0.027 35 3532 

0.003703131 

1300106 

2100609 

0.027464423 

0.00 3719144 

1301202 

2105061 

0.027443604 

0.00 3716001 

1105052 

1430203 

0.027297592 

0.00 3695557 

1141432 

1490911 

0 . 02 6 1 39 7 0 4 

0.00 35 39802 

1 156039 

1590323 

0.023310913 

0.00 33 32 7 2 8 

1146464 

1560464 

0.029219216 

0.00 392 0 327 


Mean value of ll = 0.003757689 , Sta. Deviation = 0.000069045 


Co-efficient of Variation = 0.0 13 37 4 359 


CHAPTER-VI 


CONCLUSIONS, SCOPE AND FURTHER STUDY 

Ofrnsluslons t 

Rolling losses of a wheel rolling at low speeds 

on a flat surface are predicted by calculating elastic 
* 

strain energy in both plane stress and plane strain modes 

, ' * 

The co -r efficient of rolling resistance is proportional to 
the iSquare^root of a dimensionless group called ChaTcra 
WUJtober © N/EJU In other- words, the co-efficient of 

s, * , t - ' , t 

' ‘ ' I . 

resistance is 

directly proportional to the square root of the 

, i - 

normal load per unit width, _#f the wheel, 

(ii) inversely oroportional to the square root of the 
radius of the wheel, and 

(iii) inversely proportional to the square root of the 
'"equivalent Young's modulus' of the wheel and 

flat surface. 

Experiments are conducted using plexi-glass and 
Teflon wheels rolling on a plexi-glass surface. Special 
photo-diode system is developed to measure velocity of a 




jelling 

" - ’ 
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rollinq wheel very accurately and conveniently. Also, 
ways are devised to increase load per unit width of a 
wheel by providing grooves in the centre of the wheel. 
Experimental results are in good agreement with theore- 
tical predictions. Specially at higher values of Chakra 
Wumber Q which gives coefficient of rolling friction as 
high as 0.006. 

Scope ^ pn ^Fur the r Study : 

The aim with which present investigation started 
is due to the fact [13J that 2Sl r of the fuel consumption 
in transportation goes to the rolling losses of tyres 

if one improves the rolling resistance by 5# , there 
be economy of fuel by , that is, the ratio of 
improving the rolling resistance versus fuel economy is 
5 to 1. This may be very important as the present day 
world is facing severe energy crisis. 

By conducting the experiments in more controlled 

conditions such as keeping five photo-diodes instead of 

three, one can obtain time intervals t 1 , , t^ , 

and t. and hence velocities VI , V- , V_ and V be evalua- 
4 12 3 4 

ted. By observing these velocities, one can verify 
whether the acceleration is constant as assumed or not. 

And by keeping 'slip guages' (thin wedges of known slopes) 
under the ramp, one can control the velocity of the roll- 
ing wheel much better. 
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By conducting the experiment using different 
materials, one can further verify the relation obtained 
theoretically ■ between 4 and Q. The next series of experi- 
ments may be conducted on Aluminium wheel rolling on 
Aluminium flat plate. One should use one of the high 
yield point allo-vfe of Aluminium to avoid plastic flow. 

Then, the increase of Young's modulus, E, over plexi-glass 
is compensated by the increase in load per unit width, (N). 

For further checking the prediction of the 

theoretical formula, this experiment can be performed in 

a different manner, that is, by pulling the wheel at a 

and 

constant speed using an electric motor/measur ing the load 
by a load cell. One can also do this experiment using 
the inclined surfaces rather than flat one. 
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